Introduction
T issue regeneration is a promising approach to solve the problems of limited donor supply in organ and bone transplants. Especially, bone regeneration has shown promising progress when human bone marrow mesenchymal stromal cells are cultured with biodegradable scaffolds. 1 However, regeneration of complex, three-dimensional (3D) bones with the shape of human bones remains a big challenge due to the length of time required for proliferation of cells in vitro, to generate sufficient number of cells for tissue engineering bone in vivo. 2 Human bone marrow-derived mesenchymal stem cells (hBMSCs) have a high proliferation potential and can be differentiated into osteoblasts. 1, 3 Adult BMSCs are believed to divide asymmetrically producing a new multipotent stem cell and a unipotent progenitor cell that subsequently undergoes differentiation and maturation to form functional tissues such as bone. 4 In previous experiments, genetically altered monocultured immunoisolated CD 105 þ adult BMSCs have been demonstrated to regenerate bone successfully. 2 However, viral transfection of the cells was an additional costly laboratory step before use. 2 CD 117 þ hBMSCs represent a subpopulation of adult mesenchymal stem cells, are part of periosteal cells, and might have potential bone formation capacity. [5] [6] [7] [8] The CD 117 þ epitope allows cell sorting and enrichment of hBMSCs with CD117 þ cells by magnetic antibody labeling. We hypothesized that low numbers of hBMSCs enriched with CD 117 þ cells have sufficient proliferation potential to allow for rapid expansion of enriched cell population to be used for in situ bone regeneration.
The microenvironment is likely to dictate the type of mature functional cells to regenerate new bone. [9] [10] [11] [12] Hydrogels, a class of hydrated polymer and protein biomaterials, can be used to provide 3D microenvironment for cell growth.
incorporation of nutrients or biologically active molecules that direct functional differentiation and promote specific cell growth. 15, 17, 18 Given the strong metabolic demand of osteoblastic cells during mineralized tissue formation, effective nutrient delivery has long been considered an important factor for successful tissue engineering of bone. 16 A new class of peptide-based biological hydrogels was discovered from studying self-assembling ionic selfcomplementary peptides, such as RAD 16I. 17 The peptides consist of alternating hydrophilic and hydrophobic amino acids, containing amino acid sequences that facilitate formation of hydrogel scaffolds with more than 99% water content (1-10 mg=mL). These alternating positive and negative charged regions allow for the stacking and nanofiber formation, resulting in b-sheet structures. RAD16I repeats the amino sequence Arginine-Alanine-Aspartate-Alanine four times. 19 The motif RAD was incorporated to mimic the known cell adhesion motif RGD that is found in many extracellular matrix (ECM) proteins. Work with these hydrogels has demonstrated that a variety of cells encapsulated and grown show functional differentiation and active migration, leading to extensive production of their own ECM. 18, 19 These self-assembling peptides, including RAD 16I, assemble into nanofibers at physiological pH by altering NaCl or KCl concentration. Because resulting nanofibers are 1000-fold smaller than synthetic polymer microfibers, they surround cells in a manner similar to ECM. Hydrogels are an advantageous cell carrier as uniform cellular distribution is achieved when used on porous scaffolds, cell viability is sustained, and nutrients for tissue formation in scaffolds can be provided. [20] [21] [22] However, 1% RAD 16I hydrogel has a low viscosity preventing its application in regenerating shapes of bone. In our previous experiments, collagen I hydrogel has proven to be superior in supporting bone formation in vitro and in vivo.
23, 24 We compared collagen I hydrogel as our standard in bone formation to RAD 16I and various mixtures of RAD 16I= collagen I to improve viscosity and probably shaped bone formation.
Hydrogels lack the initial mechanical strength needed to sustain the biomechanical stress for implantation in vivo, impeding their use alone as bone scaffolds. Many synthetic and natural materials, such as polyglycolic acid, b-tricalcium phosphate (b-TCP), poly (e) caprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA), [25] [26] [27] [28] [29] provide the initial physical structure necessary for growth and differentiation of cells. However, they degrade eventually, allowing the cells to produce ECM components of their own. Ultimately, for defects with substantial curvature, the tissue-engineered constructs should also have matching topography.
Here materials that can be used for rapid 3D printing have the advantage of being printable in customized shapes to meet clinical demands. Rapid 3D printing uses a technology similar to ink-jet printing. From a computer-aided design (CAD) picture of the desired part, a slicing algorithm draws detailed information for every layer. Each layer begins with a thin distribution of powder spread over the surface of a powder bed. Using a technology similar to ink-jet printing, a binder material selectively joins particles where the object is to be formed. This layer-by-layer process repeats until the part is completed. After a heat treatment, unbound powder is removed, leaving the fabricated part. The support gained from the powder bed means that overhangs, undercuts, and internal volumes can be created (as long as there is a hole for the loose powder to escape). Material can be in a liquid carrier, or it can be applied as molten matter. The proper placement of droplets can be used to create surfaces of controlled texture and to control the internal microstructure of the printed part. 30 Consequently, we examined the combination of hydrogels as carriers to differentiate hBMSCs on the osteoinductive scaffold material TCP=PLGA.
To achieve new bone formation in highest detail of native bone, high-image resolution to engineer scaffolds is needed. The volumetric CT (VCT) is a new ultra-high isotropic spatial resolution (150Â150Â150 mm) scanner that has not yet been evaluated in bone formation studies, but would prove to be an invaluable tool for this application. A parallel development of digital flat-panel detectors for conventional X-ray and mammography has provided ultra-high, spatial resolution, twodimensional images. A VCT scanner combines the advances in CT with digital flat-panel detector technology. Unlike micro-CT, VCT is suitable for in vivo imaging of large animals and humans. High-resolution 3D imaging and quantitative capabilities of this new method can help detailed imaging of living bone to meet customer demands.
To prove the principle, we chose to tissue engineer the bones of a human thumb. The loss of the thumb in particular has a devastating effect on daily life. [31] [32] [33] [34] [35] In healthy children, focused effort should be made to replant the thumb. [31] [32] [33] [34] [35] However, digit injuries are often crushing or avulsing injuries of the bone and tissue, reducing chances of successful reattachment. [31] [32] [33] [34] [35] [36] Thumb reconstruction techniques may be pursued, such as bone lengthening, bone grafting, toe-to-thumb transfer, or microvascular anastomosed joint transfer. [34] [35] [36] [37] [38] [39] However, these options and outcomes are limited due to donor-site morbidity and in the availability of tissue. 34, 35 Prosthetic joint reconstruction is available, but is not an attractive option, as it may be compromised by limited durability of the nonbiological materials or by intractable infection. 34, 35 The ideal bone substitute would provide stability, motion, and durability without immunosuppressant.
To date, there have been few reports describing the engineered formation of bones with the shape of human bones such as the thumb. 40 
Materials and Methods

Human mesenchymal stem cells
Prior to the study, permission to use discarded tissue from operative surgeries was obtained from the Institutional Research Board Committee of the Massachusetts General Hospital. Bone marrow from human femoral heads was minced using a bone cutter, suspended in PBS, and filtered from debris through 100 mm and then 40 mm cell streamers. The marrow was then mixed into poligeline 41 21 days, and with adipogenic medium (DMEM supplemented with 10% fetal bovine serum, 100 U=mL ampicillin, 100 mg=mL streptomycin, 0.5 mM isobutyl methylxanthine, 1 mM dexamethasone (Sigma-Aldrich), 10 mM insulin, 200 mM indomethacin, 100 U=mL ampicillin, and 100 mg=mL streptomycin) for 3 days. Bone was stained using Toluidine blue; cartilage, using Alcian blue; and fat, using Sudan red. Differentiated cells were evaluated by a histopathologist blinded to the study.
hCD 117 þ cells, hCD 117 À hBMSCs, and complete bone marrow cells were counted at outflow and mixed directly into a collagen I=RAD 16I mixes (75=25, 50=50, and 25=75) or collagen I at a concentration of 2Â10 6 cells=mL hydrogel. Previous experiments on different MSC cell concentrations in various hydrogels showed superior results for 2Â10 6 cells=mL for cell survival. 23, 24 Therefore, we decided to use this cell concentration in our experiments.
In vitro evaluation hydrogels
We tested different mixtures of collagen I and RAD 16I hydrogels to increase viscosity, and evaluated the ability of the most suitable hydrogel mixture to support bone formation. Hydrogels were prepared as follows:
Collagen I hydrogel. (CellagenÔ; ICN Biomedicals, Aurora, OH) was mixed on ice according to manufacturer's instructions using 5Â concentrated osteogenic medium on ice. hBMSCs were mixed with liquid hydrogel, and 2 mL was placed onto each scaffold in a 378C incubator. Gelation occurred after 1 min incubation.
RAD 16I hydrogel (3DMatrix, Cambridge, MA). Onepercent hydrogel is a synthetic polypeptide that assembles into a 3D ECM after application of NaCl or KCl. The hydrogel was sonicated for 30 min in a bath sonicator (FS 30; Fisher Scientific, Pittsburgh, PA) to remove air bubbles and was diluted 1:1 (by volume) with cells suspended in 20% sucrose to adjust the pH. Collagen I hydrogel and RAD 16I were mixed 75:25, 50:50, and 25:75 to a final cell concentration of 2Â10 6 . Enriched cells were suspended in pure RAD 16I hydrogel and the RAD 16I=collagen I mixes at 378C, and gelation time was measured.
After deciding on 25:75 RAD 16I=collagen I mixture as the most suitable combination for gelation, hCD 117 þ cells and hCD 117
À cells were dispersed into RAD 16I pure and RAD 16I=collagen I combination to evaluate cell proliferation and new bone formation. Hydrogel=cell mixes were incubated at 378C in a CO 2 incubator. All cell-hydrogel mixes were examined under a light microscope every day, and samples were examined at 3 and 6 weeks for cell viability and bone formation, using H&E, alkaline phosphatase, von Kossa, and Toluidine blue staining, respectively, as well as the presence of osteoblasts and osteoclasts within the new formed tissue. No complete bone marrow was tested as CD 117 þ cells represent 2.5% of the entire bone marrow population. 42 In vivo experiment 3D printed (3DP) human distal phalanx-shaped scaffolds-VCT imaging. An ultra-high-resolution VCT image was created from a right human cadaver hand, and proximal and distal phalanxes of the thumb were isolated. Digital reconstruction was performed by a slicing algorithm to draw detailed information for every layer into a 3D CAD picture (Fig. 1A,B ). This image was transferred to a customized rapid 3D printer at Massachusetts Institute of Technology.
3DP b-TCP=PLGA distal and proximal phalanx scaffolds. The scaffolds comprised two parts (a distal phalanx and a proximal phalanx) and were printed threedimensionally in a scale of 1:1. The materials used were a mixture of 50% PLGA (Boehringer-Ingelheim, Ridgefield, CT, LG824, PLGA 82:18 L:G, i.v. 1.7-2.6 dL=g) and 50% b-TCP (Cosmocel, San Nicolás de Los Garza, Mexico); the scaffold had an overall porosity of 90% with micropores of 100-250 mm (Fig. 1C-E) . Both scaffolds had a net of channels of 1Â1 mm throughout the entire scaffold to facilitate nutrient and cell delivery. The distal phalanx was 2.5 cm long in the exact shape of the ultra-high-resolution VCT image, and the proximal phalanx was 2.5 cm long. The proximal joint surface of the proximal phalanx scaffold was not printed due to a technical error in transmission from the VCT picture to the printer (Fig. 1C, D) . All scaffolds were evaluated radiologically by VCT scan before implantation to attain baseline density.
Construct preparation and implantation
The Institutional Animal Care and Use Committee of the Massachusetts General Hospital approved all animal procedures.
Scaffolds were ETO sterilized with the scaffolds in a bag, allowing gas penetration. After sterilization, cold gas was allowed to evaporate, and the scaffolds were kept in sterile conditions under vacuum for 3 days until immediate use. hCD 117 þ cell=hydrogel suspensions were prepared as described above and applied onto the scaffold. Collagen I hydrogel with suspended hCD 117 þ cells served as standard to evaluate bone formation. Cellular controls comprised hCD 117 À suspended in RAD 16I=collagen I mix and collagen I hydrogel. Acellular controls were created with hydrogel only and scaffold material. Immediately upon gelation, constructs were implanted subcutaneously in the back of nude mice. From each group, four constructs were created, so a total of 28 mice were employed.
TOWARD REGENERATING HUMAN THUMB
Six-to eight-week-old male nude mice (Charles-River Laboratories, Wilmington, MA) were anesthetized with Avertin 125-200 mg=kg IP. A dorsal subcutaneous pocket was formed, and one construct per mouse was implanted. The wound was closed with staples, each mouse received Buprenorphine 0.05-0.1 mg=kg intramuscularly, and animals were allowed to recover from surgery. Implanted constructs were processed over 6 weeks as described below.
Radiological evaluation
At 1, 2, 4, and 6 weeks, in vivo VCT scanning of each specimen was performed at 120 kV tube voltage and 10 mA tube current on a high-resolution VCT scanner (Siemens, Forchheim, Germany). The VCT scanner effective field of view was 25Â25Â18 cm, with isotropic resolution of *200 m with 2Â2 binning, and volumetric coverage. Projection data were reconstructed using a modified Feldkamp algorithm. To calculate mean values for bone formation of specimens, scaffolds were virtually separated into three parts of 0.8 cm length-tip, middle, and base. Radiological density of the samples was assessed measuring Hounsfield density units. Mean values were calculated using at least eight separate points from each sample. Mice were sacrificed at 6 weeks endpoint using an overdose of pentobarbital (200 mg=kg i.p.); constructs were explanted and processed.
Gross and histological evaluation
Next, specimens were harvested and examined for appearance. Specimens were cut into three parts of 0.8 cm length to assess bone formation through the length of the scaffold. From each part of each specimen, cuts of 0.1 cm thickness were taken from the proximal part of the scaffold and embedded into 10% phosphate-buffered formalin for histological analysis. Samples were decalcified and consequently embedded into paraffin; 4 mm sections were taken and evaluated histologically. Staining was done by H&E for cell morphology and viability, Toluidine blue for pericellular proteoglycan, alkaline phosphatase for bone tissue formation, and van Kossa staining on separate not decalcified samples of the new formed tissue. Histological evaluation of the samples was conducted by a histopathologist blinded to the study.
Biomechanical compression testing
Constructs were kept frozen separately until biomechanical testing. Each part was tested separately for compression using a Texture Analyzer TA-XT Plus (Texture Technologies, Scarsdale, NY), and corresponding parts were compared (referred to as tip, middle, and base). Unconstrained uniaxial compression was applied, while compressive force and displacement were recorded after the probe tip contacted the sample. Experiments were run until 35 kg limit of the load cell was reached. Geometry of the samples made measuring material moduli difficult, so we compared samples by referring to one sample that required higher force to compress as being stiffer than a sample that required less force to compress the same distance. Mean values for distal and proximal phalanxes of each construct were calculated combining values from tip, middle, and base.
Reverse transcriptase polymerase chain reaction (RT-PCR) analysis
For transcription analysis, total RNA was purified from samples with RNA STAT 60 according to the specifications of the manufacturer (Tel Test, Friendswood, TX). RNA was 
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quantified by spectrophotometric techniques, and integrity verified by observing ethidium bromide staining in a formaldehyde gel. 43 One mg of each sample was converted to cDNA in a 30 mL reaction containing 1Â PCR buffer, 5 mM dNTPs, 0.5 mg random hexamer primers, and 200 U MMLV RT (Promega, Madison, WI). The reaction was subsequently heat-inactivated, and diluted to 100 mL with water. Onemicroliter aliquots were used in each 50 mL RT-PCR reaction, using gene-specific primers and 1 mM dUTP-biotin. After 22 cycles, 10 mL aliquots were fractionated on a 3% agarose gel (1% agarose and 2% NuSieve GTG agarose), blotted onto Amersham Hybond N þ nitrocellulose filter, and probed with horseradish peroxidase-conjugated avidin (Sigma-Aldrich). The reaction was visualized using luminol substrate (Pierce Chemical, Rockford, IL) and autoradiography. Following primers were utilized:
Osteonectin (ON)-R, TTCCCCTCCTCCTGTTCTC; F, AC CCACCCGTCACTAAGACA hGAPDH-R, GCCAGAGTTAAAAGCAGCC; F, GTTCG AGGACTGGTCCAAA mGAPDH-R, GGAAGGCCATGCCAGTGAGC; F, CCTT CATTGACCTCAACTAC Native human bone was used as control for transcription analysis. Films were digitized, and transcription levels for native swine bone were assigned a relative value of 1.
Statistical correlation analysis
Changes in the Hounsfield Units (HU) of each construct were correlated with biomechanical strength. Pearson, Kendall, and Spearman correlation coefficients were calculated, using MatLab 7.0 (The MathWorks, Natick, MA).
Results
In vitro CD 117
þ cell evaluation CD 117 þ cells were FITC labeled to confirm enrichment of the cellular mixture ( Fig. 2A) , and a content of 1.5% to 2.7% was calculated for the femoral heads, dependant on their size. After enrichment, an increase of three-to fivefold of the CD 117 þ cells was observed, using MetaMorph (Expansion Programs International, Thunderstone, CA). Differentiation of the selected CD 117 þ cells to fat was observed after 3 days, using Sudan red staining, after 14 days to cartilage using Alcian blue stain for mucosubstances and acetic acids, and to bone using Toluidine blue stain for pericellular proteoglycan (Fig. 2B-D) .
In vitro hydrogel evaluation
Collagen I hydrogel served as standard for viscosity for handling a hydrogel and gelation time. Gelation occurred within 2 min at 378C. No deliberate change in shape was thereafter observed. Measured gelation times without deliberate change in shape of RAD 16I=collagen I hydrogel mixes 25:75, 50:50, and 75:25 were 2 min 35 s, 8 min 20 s, and nongelating at 378C, respectively. The 25:75 RAD 16I=colla-collagen I hydrogel mix was chosen for further evaluation and is referred to as RAD 16I=collagen I hydrogel in the following text. Cellular proliferation was supported by RAD 16I pure, collagen I, and RAD 16I=collagen I hydrogel at 3 and 6 weeks. Cells were viable in all hydrogels, confirmed by H&E staining. At 6 weeks endpoint new bone-like tissue formation in RAD 16I=collagen I hydrogels mixed with CD 117 þ -enriched cells was confirmed by Toluidine blue, alkaline phosphatase, and von Kossa staining, and by the presence of osteocytes (Fig. 2E) . Also, bone-like tissue was formed by hCD 117 À cells and complete bone marrow cells; however, staining was lesser than using CD 117 þ -enriched cells (results not shown).
In vivo: b-TCP=PLGA scaffold-distal and proximal phalanges All mice survived until the predetermined endpoint of 6 weeks. No infections were noted.
CD 117
þ -enriched cells in collagen=RAD 16I hydrogel and collagen I hydrogel VCT scanning. At implantation, similar densities of cellular and acellular scaffolds were recorded. During 6 weeks in vivo scanning, cellular specimens showed significantly higher densities than acellular control groups. The highest increase in density was observed in samples composed of hCD 117 þ in collagen I=RAD 16I hydrogel. Constructs had an average density of 341.2 HU (minimum, 204.0 HU; maximum, 1170.0 HU). The scaffold with CD 117 þ -enriched cells=collagen I had a mean density of 247.5 HU (minimum, 193.0 HU; maximum, 361.8 HU) (Figs. 3A and 5A ). Maximum density in these constructs was comparable to that of native human bone in the hand (Fig. 3A, B) .
Histological evaluation. After explantation, scaffold material was still present; shape and length had not changed (2.5 cm each). Channels were filled with new formed tissue. Distal and proximal phalanx scaffolds were clearly separated from each other. However, thin layers of fibrous tissue partially connected them at the joint. Interestingly, this fibrous layer was only noted on hCD 117 þ specimens. During coronal cutting in three pieces of 0.8 cm length, specimens with hCD 117 þ in collagen I=RAD 16I and collagen I had the highest resistance.
Specimens were entirely surrounded and penetrated with new cortical bone-like tissue. Cells in the surrounding tissue had elongated spindle-shaped osteocyte-like morphology with basophilic cytoplasm. Cut specimens showed newly formed tissue with areas of lamellar bone formation and cells in the new tissue that had more round basophilic osteoblastlike morphology. The tip of the distal phalanx was completely penetrated with newly formed bone-like tissue, resembling cortical bone. Collagen I specimens were also surrounded by newly formed tissue, but to a lesser degree than the collagen I=RAD 16I specimens. This tissue stained positive with Toluidine blue, alkaline phosphatase, and von Kossa (Fig. 4A) .
Unconstrained uniaxial compression testing. Unconstrained uniaxial compression testing was concordant to radiological and histological findings. The highest stiffness was in the collagen I=RAD 16I samples in the distal phalanx tip, and lesser stiffness was measured in the proximal phalanx. Collagen I specimens had lesser stiffness. Highest stiffness in both hydrogel groups was noted for the tip of the distal phalanges, concordant with radiological densities (Fig. 5B) .
RT-PCR. Expression of ON was highest in collagen I=RAD 16I hydrogels. Specimens of enriched cells in collagen I hydrogel showed lesser expression of the ON (Fig. 6A, B , and Table. 1). Human GAPDH expression was up to 85% in implanted constructs, and mouse GAPDH less than 1%, confirming human origin of the new tissue (Table 1) .
hCD 117
À in collagen=RAD 16I hydrogel and collagen I hydrogel VCT scanning. Constructs showed lesser densities than corresponding hydrogel samples with CD 117 þ -enriched cell populations, although this difference did not reach statistical significance. In VCT images, densities of cellular scaffolds were visually as well as quantitatively higher than acellular scaffolds (Fig. 5A ). Samples made with collagen I=RAD 16I hydrogel showed at 6 weeks higher HU densities than samples in collagen I hydrogel. No difference was noted between the distal and proximal phalanxes of each construct.
Histological evaluation. Tissue surrounding explanted specimens was confirmed to be new bone-like tissue by Toluidine blue, alkaline phosphatase, and von Kossa staining. Both scaffolds had maintained length and diameter after 6 weeks. Channels were filled with new formed tissue but less dense than CD 117 þ -enriched samples. This tissue inside the channels also stained positive for bone by van Kossa, alkaline phosphatase, and Toluidine blue staining. Cells in the tissue filling the channels had a round basophilic osteocyte-like appearance. In addition, fibrous tissue was noted within the bone-like tissue, and cells were eosinophilic, elongated with a spindle-like shape and staining negative for bone (Fig. 4C, D) . Histologically, no difference between the 
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samples of the two different hydrogels was noted in tissue formation.
Unconstrained uniaxial compression testing. Specimens of the two hydrogel groups showed similar biomechanical stiffness. Collagen I specimens showed greater variability in stiffness than collagen I=RAD 16I specimens (Fig. 5B) . The distal tip of the phalanx of both specimen hydrogel groups had higher stiffness than middle and base. Specimens had statistically significant ( p < 0.05) lesser stiffness than þ -enriched cells; cllþcells, collagen I cellular specimen; cllþPMþcells, collagen I=RAD 16I cellular specimen; control, collagen I=RAD 16I control; scaffold pure, scaffold without hydrogel and cells.
constructs from CD 117
þ -enriched cells with collagen I=RAD 16I; however, no statistically significant difference was noted to collagen I samples with CD 117
þ -enriched cells.
RT-PCR. In these specimens also, human GAPDH expression was more than 85% and mouse GAPDH 1%, confirming origin of the new tissue to be human. ON expression of more than 50% was similar in specimens of both hydrogels tested (results not shown).
Acellular controls
VCT scanning. A mean density of 157.0 HU was measured in collagen I=RAD 16I acellular constructs; acellular collagen I specimens showed similar densities of 136.1 HU at 6 weeks, significantly lesser than cellular constructs made from CD 117
þ -enriched cells with collagen I=RAD 16I hydrogels (Fig. 5A) .
Histological evaluation. At explantation, controls also had maintained their shape and size. Some new tissue was noted surrounding the samples, no difference of the tissue was noted between the two hydrogels. Acellular hydrogel controls showed invasion of small, round eosinophilic lymphocyte-like cells and were surrounded by newly formed fibrous tissue with elongated spindle-shaped fibrocyte-like cells. Plain scaffold without hydrogel and cells showed fibrous tissue within the material and surrounding the scaffold, composed of elongated eosinophilic fibroblast-like cells and small, round eosinophilic lymphocyte-like cells. However, these tissues stained negative for bone with Toluidine blue, alkaline phosphatase, and von Kossa.
Unconstrained uniaxial compression testing. Cellular specimens had higher stiffness than acellular controls. These findings were concordant with histological and radiological results. Controls without hydrogel and cells had the lowest stiffness (Fig. 5B) .
Statistical correlation analysis
Higher HU corresponded to increased biomechanical strength of both distal and proximal phalanges (Spearman correlation 0.800, Pearson 0.72, and Kendall 0.667). This association was robust across the different correlation coefficients.
Discussion
Successful tissue engineering involves the implantation of living cells within synthetic scaffolds for the generation of new tissue. We have tissue engineered phalanges of a human thumb, using a novel 3DP technique. This revolutionary technique of rapid processing allows construction of forms in any desired shape as long as there is a CT image available. Quality of the scaffold depends on the resolution of the CT scanner. Our phalanges were constructed based on images using an ultra-high-resolution scanner, which is an excellent tool for this purpose. We chose the distal phalanx for the first engineering attempt since our laboratory had experience with similar approaches. 40 In contrast to previous work, we were able to print an exact anatomical scaffold using the ultra-highresolution technique of the new VCT scanner to create a detailed picture. Details of each scaffold were confirmed by VCT scanning before application of the hydrogel=cell mix.
Ideal scaffold materials in tissue engineering should have a degradation rate matching the rate of tissue regeneration. Synthetic materials such as PCL often used in tissue engineering are only known to be osteoconductive and have a degradation rate of 2 years. 26, 29 Therefore, newly formed bone-like tissue cannot easily replace the scaffold material. Calcium-derived biomaterials are osteoinductive 44 and can be combined with PLGA, 45 degrading at a faster rate than PCL. 26, 29, 45 We found that b-TCP=PLGA scaffolds combine osteoinductivity and osteoconductivity. PLGA adds flexibility to brittle b-TCP, thereby improving utility of scaffolds. We did not observe changes in shape or size in the scaffold material, possibly due to the degradation rate of PLGA within 2 months, comparable to b-TCP. 
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scaffold was 3DP from b-TCP and PLGA, which are proven to be osteoinductive and osteoconductive, and to provide some strength to the repair site in vivo. [45] [46] [47] This material mix has not been tested so far, but our results show that combining scaffold with our hydrogel mix and hCD 117 þ cell population forms histological bone-like tissue.
CD 117 þ cells have been described in literature as part of the periosteum, and the epitope is expressed in mesenchymal stem cells. [5] [6] [7] [8] As periosteal cells, CD 117 þ cells are very likely to participate in bone formation, especially as they are mesenchymal stem cells and they have bone formation potential, as we have shown in our experiment. However, these cells represent a subpopulation of 2.5% of BMSCs. 42 This number was concordant to our findings. Due to the small number of CD 117 þ cells in bone marrow, we decided not to test complete human bone marrow as control. Human bone marrow itself harvested from femoral site provides 20 colony forming units of hMSCs. 48 In a previous experiment we have shown that small numbers of BMSCs as used in the current experiment are not capable to support bone regeneration in situ (results not shown); therefore, a different approach is needed. Possible solutions are increasing numbers of mesenchymal progenitor cells involved in bone formation, 49 or transfecting BMSCs for delivery of protein. 2 However, transfection and culture expansion are costly and time consuming, and loss of multipotentiality with spontaneous transformation of cultured stem cells ex vivo is described. 50 Based on our previous experiments with MSCs in various hydrogels on bone formation 23, 24 and as CD 117 þ cells are involved in bone formation, [5] [6] [7] [8] we decided on testing a magnetically enriched number of CD 117 þ cells in hydrogels for the best bone regeneration in situ. Using this approach, time-consuming step of cellular expansion in the laboratory could be eliminated.
Our engineering approach might be comparable to healing of fractured bone. Our results show that radiological densities of CD 117 þ -enriched RAD 16I=collagen I samples were comparable to CT densities measured in healed fractured bones of the human hand after 6 weeks. 51 Others report an increase of radiological density in healed fractured bone after 1-and 2-year follow-up. 52 As our study was limited to 6 weeks but a steady increase in radiological density was observed, we speculate that further increase beyond 6 weeks would have been likely. We could not compare native bone from a human hand to our samples for biomechanical stiffness as no such human hand bone was available; however, stiffness was highest in CD 117 þ -enriched RAD 16I=collagen I samples. Although only two samples of each hydrogel were tested biomechanically, the quality of new bone was confirmed by histologic results and radiologic findings. CD 117 þ -enriched hMSCs were able to proliferate after being mixed directly into hydrogel and applied onto a scaffold. Thus, the time-consuming step of cell cultivation in flasks could possibly be avoided, and cells could be applied directly in the operating room onto preformed scaffolds.
Hydrogels provide a 3D structure for embedded cells and are used when tissue engineering bone. 16, 23, 24 Newly formed bone-like tissue mostly resembling native cortical bone was in the CD 117 þ -enriched collagen I=RAD 16I specimens. This might be due to that RAD16I hydrogel has demonstrated in a variety of cells encapsulated and grown functional differentiation, such as bone, leading to extensive production of their own ECM. 18, 19 Collagen I hydrogel has been described in literature as supporting bone formation. 53 As self-assembling peptide hydrogel, resulting nanofibers surround cells in a manner similar to ECM, which might, in combination with collagen I hydrogel, resemble native bone. Lesser new bonelike tissue was found in the CD 117 þ -enriched collagen I and the CD 117 À specimens. Collagen I is an essential component of native bone, and its abundance in hydrogels surrounding differentiated hMSCs proved to be beneficial for bone formation. The addition of RAD 16I seemed to support cellular proliferation in the hydrogel mix. Although RAD 16I pure hydrogel has qualities of similar ECM and support of cellular proliferation for various cell types, 18, 19 pure RAD 16I did not support bone formation and had a low viscosity. Cells were forming clusters within the hydrogel. Using a mixture of collagen I=RAD 16I hydrogel, we achieved higher viscosity without compromising cellular proliferation. Cells did not proliferate in the same manner within collagen I. Bone-like tissue was formed mostly in the collagen I=RAD 16I mix. The results are confirmed by the biomechanical stiffness values in concordance with the VCT findings. The bone support may be due to collagen I hydrogel, as collagen is an essential part of bone. 6, 10 Another reason might be the combination of RAD 16I with collagen I surrounding cells in a manner similar to ECM close to that of native bone. 18, 19 A limiting step in tissue engineering and regenerative medicine is cellular expansion in the laboratory.
In conclusion, we have demonstrated for the first time that it is possible to avoid the cell culture step and engineer bone in vivo. The combination of differentiated hBMSCs, enriched with CD 117 þ cells and placed in collagen I=RAD 16I hydrogel with 3DP b-TCP=PLGA scaffolds, can be used to engineer tissue that meets individual needs for bone reconstruction.
